Two "ACE" mutants of Bacillus subtilis which require acetate for growth on glucose minimal medium have been isolated. They do not grow with acetoin, 2,3-butanediol, fatty acids, isoleucine, lipoic acid, malic acid, pyruvic acid, succinic acid, thiamine, or valine, but respond somewhat to glutamate or citrate. The mutants lack the activity of the pyruvate dehydrogenase complex; they excrete pyruvate and later acetoin. They grow in nutrient sporulation medium (NSMP) to one-half the normal turbidity and do not sporulate subsequently. When acetate is added to NSMP (at the optimal concentration of 0.07 M), the ACE mutants grow to the normal turbidity and then sporulate normally. Growth but not sporulation is restored in NSMP upon addition of 2, 3-butanediol, citrate, glucose, glutamate, glycerol, or ribose, but not upon addition of acetoin, malate, oxaloacetate, pyruvate, and several other compounds. After growth in NSMP has stopped, the mutants incorporate uracil only at a very low rate, which can be increased by the addition of acetate, citrate, or glutamate. Furthermore, the metabolism of acetoin is prevented after growth has stopped but can be restored by the addition of acetate. All these results can be explained by a lack of reduced nicotinamide adenine dinucleotide (NADH) resulting from the deficiency in acetylcoenzyme A. In fact, after growth of the ACE mutants had stopped, the NADH concentration was at the borderline of measurability, whereas it increased significantly upon addition of glucose. The growing standard strain contains, at the same bacterial turbidity, at least 20 times more NADH (230 pmole/optical density unit at 600 nm) than the nongrowing ACE mutants. The isolated spores, obtained after growth in NSMP plus acetate, can be initiated to germinate in the presence of either L-alanine or the combination of L-asparagine, fructose, glucose, and potassium; addition of acetate is not required and has no effect.
Two "ACE" mutants of Bacillus subtilis which require acetate for growth on glucose minimal medium have been isolated. They do not grow with acetoin, 2,3-butanediol, fatty acids, isoleucine, lipoic acid, malic acid, pyruvic acid, succinic acid, thiamine, or valine, but respond somewhat to glutamate or citrate. The mutants lack the activity of the pyruvate dehydrogenase complex; they excrete pyruvate and later acetoin. They grow in nutrient sporulation medium (NSMP) to one-half the normal turbidity and do not sporulate subsequently. When acetate is added to NSMP (at the optimal concentration of 0.07 M), the ACE mutants grow to the normal turbidity and then sporulate normally. Growth but not sporulation is restored in NSMP upon addition of 2, 3-butanediol, citrate, glucose, glutamate, glycerol, or ribose, but not upon addition of acetoin, malate, oxaloacetate, pyruvate, and several other compounds. After growth in NSMP has stopped, the mutants incorporate uracil only at a very low rate, which can be increased by the addition of acetate, citrate, or glutamate. Furthermore, the metabolism of acetoin is prevented after growth has stopped but can be restored by the addition of acetate. All these results can be explained by a lack of reduced nicotinamide adenine dinucleotide (NADH) resulting from the deficiency in acetylcoenzyme A. In fact, after growth of the ACE mutants had stopped, the NADH concentration was at the borderline of measurability, whereas it increased significantly upon addition of glucose. The growing standard strain contains, at the same bacterial turbidity, at least 20 times more NADH (230 pmole/optical density unit at 600 nm) than the nongrowing ACE mutants. The isolated spores, obtained after growth in NSMP plus acetate, can be initiated to germinate in the presence of either L-alanine or the combination of L-asparagine, fructose, glucose, and potassium; addition of acetate is not required and has no effect.
The response of uracil incorporation to different carbon sources has been used to characterize sporulation mutants (2, 3) . Mutants blocked in the citric acid cycle responded to carbon sources outside the cycle and to those inside which succeeded the block; these mutants were unable to utilize the acetyl-coenzyme A (CoA) provided by the cell during the developmental period. Other sporulation mutants responded to all carbon sources, including acetate; they apparently were unable to produce acetyl-CoA during the developmental period. These investigations had shown that acetyl-CoA is necessary as the major energy source during sproulation, whereas it cannot be used for the synthesis of new carbon compounds because our strains of Bacillus subtilis have no functional glyoxylate bypath.
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For most sporulation mutants, it has not been possible to restore sporulation by the addition of different metabolites irrespective of the mode of addition. For example, a mutant blocked in fructose-6-phosphate amidotransferase could not be cured by the addition of glucosamine (B. Freese et al., in preparation). Similarly, mutants blocked in citric acid cycle enzymes or in unknown metabolic reactions could not be cured by malate, succinate, glutamate, or acetate (4, 16) . This difficulty may have resulted mainly from the confficting necessities of maintaining the concentration of the added substrate sufficiently low to avoid repression of sporulation and yet sufficiently high to allow all required polymer synthesis. One exceptional mutant could be cured with respect to sporulation by the addition of several carbon sources, among which acetate was very effective when it was added at the proper time and at relatively high concentration of 0.08 M (16) .
Acetyl-CoA thus emerges as an especially important metabolite which on the one hand does not seem to repress sporulation and on the other hand can be used as energy donor during sporulation. This paper investigates the metabolic and sporulation properties of acetate-requiring (ACE) mutants, blocked in the pyruvate dehydrogenase complex, in order to amplify the above findings and to show that ACE mutants cannot sporulate in the deficiency of acetate but that they can sporulate normally in its presence. The germination properties of these mutants are also examined.
MATERIALS AND METHODS Bacteria. B. subtilis strain 60015, which requires indole (or L-tryptophan) and L-methionine for growth, was' derived from the transformable 168 strain. Staphylococcus aureus strain 10537 of the American Type Culture Collection was also used.
Media. Media used were: nutrient sporulation medium (NSMP; see 2); NSMP without potassium phosphate (NSM); Difco Tryptose Blood Agar Base (TBAB), 33 g/ml; PM (14 g of K2HPO4, 6 g of KH2PO4, 0.25 g of MgSO4 X 7H20 per liter of medium); N (PM plus 2 mg of ammonium sulfate per ml, 10 ,ug of L-methionine per ml, and 25 ,ug of L-tryptophan per ml); M (N plus 1 mg of sodium citrate per ml); NG or MG (N or M plus 5 mg of glucose per ml); NR or MR (N or M plus 5 mg of ribose per ml). Plates contained medium plus 1.5% agar (Difco Germination of spores. Spores of 61141 were produced by growth in NSMP plus 0.07 M potassium acetate for 27 hr. They were centrifuged, washed with water, and purified as described previously (20) . For heat activation, they were exposed (at an OD625 of 2.5) in water to 75 C for 30 min and then centrifuged and washed once with water. For the initiation of germination, spores were suspended at an OD625 of 0.35 in 0.1 M tris(hydroxymethyl)amino methane-hydrochloride, pH 7.4, and placed into a 1-ml cuvette at 37 C. After 10 min of equilibration, 10 uliters of L-alanine (10 mg/ml) or 10 Aliters each of KCI (75 mg/ml), fructose (10 mg/ml), and glucose (10 mg/ml), and 20 uliters of L-asparagine (25 mg/ml) were added; the OD625 was then followed.
Tests and assays. Antibiotic and protease production were determined, and 14C-uracil incorporation into acid-precipitable material was measured as described previously (3) .
For the assay of pyruvate, 1-ml samples of a bacterial culture in NSMP were added to 0.5 ml of ice-cold HCl04 (6%). After standing for 15 min, the tubes were centrifuged at 35,000 X g for 5 min, and the supernatant fluid was retained. For neutralization, 0.1 ml of K2CO3 (30%) was added to 1 ml of ice-cold supernatant fraction. Pyruvate was assayed by using lactic dehydrogenase, as described by Bucher et al. (1) . Acetoin was assayed according to Sokatch and Gunsalus (18) . The assay mixture in a tube (18 mm diameter) contained 2 to 20 ,ug of acetoin (linear range), 0.2 ml of 0.2% creatine in 10 N KOH (fresh), and 0.2 ml of 5% a-naphthol in ethyl alcohol in a total volume of 2.8 ml. Under these conditions, shaking for 30 min at room temperature (25 C) gave maximal color production (measured at 540 nm) in 30 min. The color should be read within 5 min, since it later fades again.
Acetate and acetoin were identified and measured by gas chromatography on a 1.8-m glass column (4-mm inside diameter) filled with 30% Rheoplex 400 on Chromosorb W (Analabs, Inc., Hamden, Conn.). The column temperature was 140 C. For detection, a flame ionization electrometer was used. Lactate was similarly identified by an electron capture detector. For the quantitative determination of acetate as contamination in citrate or glutamate, 100-mmole quantities of these compounds were dissolved in water, acidified to pH < 1 by HCI, and twice extracted with ether. The ether was the evaporated to 0.1 ml, and 5 Aliters of this solution was examined in a gas chromatograph.
For the assay of the pyruvate dehydrogenase complex (PDC), the different strains were grown at 37 C in NSMP or synthetic medium. The cells were harvested by centrifugation, washed with 0.1 M potassium phosphate buffer (pH 7), and lysed in a more concentrated form (OD" t 30) by 100,g of lysozyme per ACETATE MUTANTS OF B. SUBTILIS ml at 37 C. After treatment with 5 gg of deoxyribonuclease per ml, the lysate was centrifuged at 35,000 X g for 20 min at 0 C. Since dialysis partially destroyed the activity of PDC, the crude undialyzed cell extracts were used. The activity of PDC was assayed as described by Reed et al. (15) , employing the pyruvate dismutation test of Korkes et al. (12) . The assay mixture contained 2 X 10-4 M thiaminepyrophosphate. Phosphotransacetylase was purified from dried cells of Clostridium kluyveri by the method of Stadtman (19) . The dismutation rate was determined by the hydroxamic acid reaction of Lipmann and Tuttle (13) . There was a linear time dependence of acetyl phosphate formation by the enzyme complex during the first 15 min of incubation; longer incubation showed nonlinearity. The specific activity is defined as nanomoles of substrate converted per minute per milligram of protein at 37 C and pH 7. The activity of PDC was inhibited by high protein concentrations (>4 mg/ml of crude cell extract).
Protein was determined by the Biuret method (5).
Reduced nicotinamide adenine dinucleotide (NADH) was assayed essentially according to Klingenberg (11) . An 80-ml sample of a culture, grown in NSMP to different OD60o values, was centrifuged at room temperature in two tubes by taking a Sorvall centrifuge up to 15,000 rev/min and letting it go down with the brake in action. The supernatant fraction was discarded, the tube walls were wiped with a cotton swab, and the pellets were suspended and combined in 1 ml of water at room temperature. Immediately after vortexing the suspension, 0.5 ml of 1 N KOH in 95% ethyl alcohol was added, and the mixture was left at room temperature for 10 to 12 min. The mixture was then adjusted to pH 7.8 by addition of (ca. 0.85 ml) 0.5 M triethanolamine in a mixture of 0.4 M KH2PO4 and 0.1 M K2HPO4. After centrifugation for 3 min at 1,000 rev/min, 1 ml of the supernatant fraction was assayed for nicotinamide adenine dinucleotide (NAD) at 25 C by addition of 2 ,liters of 1 M sodium pyruvate, following the OD340 on a recorder, and then observing the change of OD34o on addition of 1 ,uliter of rabbit muscle lactic dehydrogenase (0.5 units).
One ODgo unit is the amount of bacteria which, suspended in 1 ml, produces a spectrophotometer reading of OD600 = 1. The dependence of growth on the acetate concentration is illustrated in Fig. 1 , in which the ordinate displays the extinction (per centimeter path length) at 600 nm (OD6oo) observed 8 hr after inoculation (at OD600 = 0.1 with a culture grown on NG plus 0.02 M acetate). All experiments reported in this paper were performed on both ACE mutants and gave identical results, except where specifically stated; the result of only one mutant is usually displayed in the figures. The difference between the two mutants became apparent only in experiments which critically depended on the acetyl-CoA concentration, strain 61141 exhibiting the deficiency in the pyruvate dehydrogenase complex more stringently than 61142. On plates containing N + acetate (0.05 M), the standard strain (60015) Fig. 1 ) to explain the extensive growth observed.
RESULTS

Growth
After the maximal OD600 had been reached in NSMP, it remained constant for several hours (Fig. 3) Activity of the PDC. Acetyl-CoA is made from pyruvate by means of a complex of three enzymes (6) . Figure 4 shows the activity of PDC at different times of growth of the standard strain 60015 in NSMP. The activity was maximal when the bacterial GD0oo was 1, and it slowly decreased to about one-half of this value during the developmental period.
When cells of 60015 were grown in M + ribose (MR) to OD600 = 1, they showed a similar specific activity of 70, which was not significantly affected by the addition of acetate, citrate, or L-glutamate to the growth medium (Table 1) . However, addition of pyruvate increased the specific activity up to 2.5-fold, suggesting that pyruvate may induce PDC (Table 1) . (The alternative of PDC activation by pyruvate has not been eliminated.)
The PDC activity of both ACE mutants (grown in NSMP to OD600 = 1) was at least 100 times less than that of the standard strain (Table 2) Neither growth nor PDC activity could be restored by the addition of lipoic acid, thiamine, or thiamine pyrophosphate.
Accumulation and depletion of metabolites. When the standard strain 60015 was grown in NSMP, it transiently produced pyruvate, which was later reutilized by the exponentially growing B. subtilis, grown in the presence of glucose, produces acetoin via acetolactate (9) which is also the precursor of valine and leucine (7). Acetoin culture (Fig. Sa) mutants also excreted acetoin, though more slowly than the standard strain, as is shown in Fig. 6b for strain 61141. The production of acetoin was quantitatively verified by gas chromatography. Whereas the standard strain metabolized acetoin at the end of the exponential growth period, the culture of 61141 did not. When 61141 was grown in NSMP to OD600 = 0.7 and then 10 mM acetoin was added, the acetoin concentration was maintained for 48 hr, whereas that of the standard strain declined to 0.013 mm 20 hr after addition. The metabolism of acetoin, probably mainly to butanediol (10), apparently required a metabolite which was lacking in the absence of acetyl-CoA. (The production of butanediol, both meso-and D-or L-, by the standard strain 60015 was qualitatively ascertained by gas chromatography.) The ability of the ACE mutants to metabolize acetoin was restored when NSMP contained 0.01 M K-acetate. In this medium, 10 mM acetoin, added to an NSMP culture of the ACE mutant 61141, had declined to 0.017 mM 20 hr later.
The pH of the cultures of both the standard strain (60015) and the ACE mutant (61141) decreased in the unbuffered NSM medium (Fig. 6) , owing to the production of pyruvate (Fig. 5) and probably lactate, which we identified by gas chromatography in the standard strain. The concentration of acetate, measured by gas chromatography, remained throughout the experiment below 0.3 mm for strain 61141, whereas it increased to 10 mM for the standard strain (60015). After prolonged growth, the pH of the standard strain increased and the concentration of acetate and pyruvate decreased again. In contrast, the pH of the culture of 61141 did not increase much; the produced acids apparently could not be reutilized owing to the block in PDC (see Fig. 6 ).
To examine the fate of pyruvate in resting cultures of both ACE mutants 2 hr after growth had stopped, pyruvate-2-14C or uniformly labeled "C-L-alanine was added to give 2.5 ,uc/ml and 3.2 mc/,umole or 110 ,uc/,umole, respectively. After 15 min of incubation in pyruvate or 5 min in alanine, the cells were centrifuged and extracted by boiling; the extracts were chromatographed on a two-dimensional thin-layer system, as described previously (2) . The only labeled compound observed in addition to alanine and pyruvate was a trace of oxaloacetate. No phosphorylated compounds (Embden-Meyerhof intermediates) could be detected.
Since the results of growth and uracil incorporation experiments on ACE mutants could be explained only by the assumption that NADH ran out when acetyl-CoA became deficient in NSMP, the amount of NADH was measured under different conditions (Table 3) . To obtain quantities of NADH which could be assayed by the change of extinction at 340 nm, by using pyruvate and lactic dehydrogenase, the cultures had to be concentrated by centrifugation and then extracted. Although this was done as rapidly as feasible, a time delay of about 8 min occurred between harvesting and exposure to alkali. The observed values may therefore be quantitatively incorrect, since some metabolism must have continued during the concentration procedure. But the difference between the properties of the standard strain and the ACE mutants is nevertheless apparent. Whereas the standard strain contained about 230 pmoles of NADH per OD6o0 unit when the OD600 was about 1.2, the ACE mutants contained, after their growth had stopped at about the same OD600, only about 12 pmoles/OD of NADH (limit of resolution of the assay). When glucose (10" m) was added at this time to the ACE mutant cultures, and they were incubated for an additional 30 min, growth was partially restored and the NADH concentration increased significantly (see Table  3 ). The standard strain also showed a reduced NADH concentration of 40 pmoles/OD after its growth had stopped (and massive sporulation had started), but this amount was still significantly higher than that found in the ACE mutants after they had ceased to grow.
Uracil incorporation. The incorporation of uracil into acid-precipitable material provides a good indication of metabolic activity. Its response to different carbon sources during the developmental period has been used to locate biochemical blocks (2, 3). Figure 7 shows that the ACE strain 61141, grown in NSMP for 2.7 hr after growth had declined from the exponential rate, incorporated less uracil than the standard strain; the same was observed for 61142. sporulate at the normal rate. After growth for 27 hr in NSMP, the frequency of heat-resistant to total colony-forming units (spores per viable cell = S/V) was 5 X 10-5 for mutant 61141, 1.5 X 10-i for mutant 61142, and 0.7 to 1.0 for the standard strain. Addition of acetate not only increased the total extent of growth (Fig. 3) , but it also allowed normal sporulation (Fig. 8a and b) when it was added at an optimal concentration of 0.07 M. At this concentration, the final number Even when acetate (0.07 M) was added to an ACE mutant culture as late as 10 hr after growth in NSMP had stopped, growth resumed and normal sporulation took place.
The inability to sporulate and the ACE requirement were both produced by the same mutation, as was shown by spontaneous revertants isolated with respect to one property and then checked for the other. The revertants to acetate prototrophy produced the normal specific activity of pyruvate dehydrogenase and sporulated normally (Table 5) . Similarly, the revertants to normal sporulation were prototrophs and showed normal PDC activity.
Both ACE mutants showed normal antibiotic activity when bacterial patches on TBAB plates were tested against S. aureus, and they showed normal protease activity against bovine serum albumin in NSM plates. This result may be surprising, because both activities are usually produced in liquid medium only at the end of the exponential growth phase, whereas acetate deficiency in liquid NSMP turned off growth of (Fig. 8a) and 61142 (Fig. 8b) to acetate. Bacteria were inoculated at an°D600 = 0.1 into NSMP containing different concentrations ofacetate and incubated for 27 hr. (0) Titer of total colony-forming units (viable cells); (0) titer ofheat-resistant colony-forming units (spores).
of viable cells was about 10 times higher than without acetate addition. The standard strain sporulated with acetate as well as without. Only acetate could restore normal sporulation in the ACE mutants (Table 4) a Cells were grown in the indicated media for 27 hr and then were plated for the determination of viable cells (V) and spores (S), S/V being the frequency of spores. Also ineffective for sporulation were 102 M acetoin, L-alanine, bicarbonate, fumarate, glycerol, glycine, L-histidine, DL-lactate, L-leucine, oxaloacetate, ribose, and valine, and 0.1 Ag of biotin or thiamine-hydrochloride per ml.
incubation of such patches for 2 days, their cells, inspected under a phase-contrast microscope, contained 5% spores per cell. Germination of spores of ACE mutants. ACE mutants provide a simple tool to determine the importance of pyruvate dehydrogenase for germination.
In order to prepare spores of an ACE mutant, strain 61141 was grown for 27 hr in liquid NSMP plus 0.07 M potassium acetate, and the resulting spores were isolated. After purification, the preparation contained more than 98% refractile spores. The germination of these spores could be initiated by L-alanine alone or by the combination of L-asparagine, fructose, glucose, and potassium without and with heat activation (Fig. 9) , similar to the standard type strain (20) . The addition of 10 2 M potassium acetate had no effect upon the OD625 curve. When the spores were suspended in Brain Heart Infusion (Difco), they exhibited the normal process of OD625 decrease and subsequent increase as well as the phase darkening and subsequent outgrowth that could be observed in the phase contrast microscope. At least 99% of the spores germinated in this way. DISCUSSION Our two ACE mutants of B. subtilis lack the activity of the PDC. Since they grow on glucoseminimal medium, supplemented with acetate, they can still produce leucine and valine (7) . Similar to the standard strains, they are able to produce acetoin and pyruvate but not acetate. An intermediate in the production of acetoin (9) (ii) The incorporation of uracil into ribonucleic acid (RNA) greatly decreases after growth of an ACE mutant in nutrient sporulation medium has stopped. The incorporation can be restored by the same compounds by which growth can be restored, e.g., by glucose, ribose, or glutamate, but not by malate, oxaloacetate, or pyruvate. This response pattern is significantly different from that of citric acid cycle mutants (e.g., a mutant blocked in aconitase), which are unable to incorporate uracil into RNA because they lack the ability to produce adenosine triphosphate (ATP) after growth has stopped. In these mutants, both uracil incorporation (2, 3) and ATP synthesis (4) are restored, not only by glucose or ribose, but also by malate, oxaloacetate, or pyruvate. The inability of the last three compounds to restore uracil incorporation in the ACE mutants suggests, therefore, that the mutants may have run out of some compound other than ATP when their uracil incorporation had stopped. Since addition of ribose and other sugars restores uracil incorporation into RNA, ribose-5-phosphate, which is needed for the de novo synthesis of nucleotides, must have been exhausted. At the same time, large quantities of pyruvate are present in stationary cells, which shows that the pathway between pyruvate and ribose-phosphate is blocked. Since compounds below (glutamate) or above (glucose, etc.) the blocked pathway permit growth and uracil incorporation, whereas malate, oxaloacetate or pyruvate do not, some coenzyme must be missing. If ATP is present, guanosine triphosphate (GTP) can probably be made, and only the lack of NADH can explain the inability of the above three compounds (and others mentioned in i) to allow growth and uracil incorporation.
In the standard sporulating strain, the lack of net RNA and deoxyribonucleic acid synthesis at the end of growth can be similarly explained by the lack of ribose-5-phosphate. Addition of ribose during the developmental period greatly increases the rate of uracil incorporation into RNA (3) . In contrast to the ACE mutants, the standard strain can produce some NADH, first by oxidizing pyruvate via the intact PDC and later by utilizing an accumulated acetyl-CoA precursor to produce acetyl-CoA and subsequently NADH in the citric acid cycle.
(iii) Direct ATP measurements by the luciferase assay have verified that the concentration of ATP decreases only slightly after growth of the ACE mutants has stopped (Klofat et al., J. Biol. Chem. 244:3270.
(iv) Acetoin cannot be metabolized after growth of the ACE mutants has stopped, whereas it can be rapidly metabolized (probably to butanediol) after growth has started again, e.g., by the addition of acetate. Acetate allows the reduction of NAD in the citric acid cycle. Since acetoin does not permit growth of the ACE mutants, the complete butanediol cycle (10) is probably not intact in B. subtilis. Our strains can produce butanediol by a reaction which requires the reduction of acetoin by NADH (10) .
(v) Direct measurements of NADH in ACE mutants revealed no NADH after growth had stopped, but NADH was found again after growth had resumed in the presence of glucose. In contrast, the standard strain produces NADH not only during growth but also during the developmental period. The lack of NADH explains the inability of the above three compounds to restore growth or pyruvate incorporation in the ACE mutants when they have reached the stationary state in nutrient sporulation medium. Pyruvate apparently cannot be converted directly to phosphoenolpyruvate, because we have been unable to find any pyruvate kinase (EC 2.7.1.40) or phosphopyruvate synthetase activity in our strains and because radioactive pyruvate added in the stationary state did not produce any phosphorylated intermediate detected by thin-layer chromatography. Pyruvate also cannot be converted in significant amounts to oxaloacetate, because the malate dehydrogenase (decarboxylating; EC 1.1.1. 38) requires NADH. Malate could produce NADH when converted to oxaloacetate via malate dehydrogenase (EC 1.1.1.37), but that NADH would not suffice to produce, e.g., ribose-5-phosphate, because it would be used up again in the formation of Dglyceraldehyde-3-phosphate from 1, 3-diphosphoglycerate and, in addition, one GTP and one ATP would be used up along that pathway, and some NADH would be reoxidized by NADH oxidase. As a consequence, oxaloacetate would start to accumulate and an extremely small oxaloacetate concentration would stop the further oxidation of malate. The ability of malate, oxaloacetate, or pyruvate to allow metabolism and to provide NADH (and ATP) is, in the absence of another acetyl-CoA precursor, critically dependent on the presence of PDC.
When the ACE mutants stop growing, they also stop producing spores, but, when acetate (optimal concentration of 0.07 M) is added to the sporulation medium from the beginning, the ACE mutants grow and sporulate normally. The high concentration of acetate (0.07 M) required for optimal response indicates that acetate is not actively transported into the cells. When acetate is added at any time after growth has stopped, growth resumes, proceeds to the usual OD600, and is then followed by normal sporulation. The resumption of growth preceding sporulation shows that the prior cessation of growth, caused by NADH and acetyl-CoA deficiency, did not initiate sporulation. Apparently some other compound, not controlled by acetyl-CoA, must first run out before massive sporulation can start. In contrast to acetate, other compounds which restore growth do not restore sporulation. This shows that a sufficient concentration of acetylCoA is more important for sporulation than for growth.
The positive sporulation response of the ACE mutants to acetate stands in contrast to the negative response of many mutants blocked in the citric acid cycle or in some other enzymes (14, 16 
